Abstract: Due to the fact that geospatial information technology is considered necessary for disaster risk management (DRM), the need for more effective collaborations between providers and end users in data delivery is increasing. This paper reviews the following: (i) schemes of disaster risk management and collaborative data operation in DRM; (ii) geospatial information technology in terms of applications to the schemes reviewed; and (iii) ongoing practices of collaborative data delivery with the schemes reviewed. This paper concludes by discussing the future of collaborative data delivery and the progress of the technologies.
Introduction
The issue of disaster risk management (DRM) is a priority for sustainable development [1] . Geospatial information technologies, such as geographic information systems (GIS), satellite remote sensing, and crowdsourcing, are important DRM technologies [2] . Following the increased awareness of geospatial information technology in DRM, international collaborative mechanisms of geospatial data delivery were established by international initiatives, such as the International Charter [3] , Sentinel Asia [4] , and Humanitarian OpenStreetMap Team [5] . These initiatives contributed to the damage assessment required in emergency response. However, because general investment in pre-disaster activities is expected to be more beneficial than spending for disaster response [6, 7] , geospatial information technology could contribute to pre-disaster activities for disaster risk management. Reviews of geospatial information technologies and how they can be applied in pre-and post-disaster situations will help identify schemes that are more effective.
In this paper, we reviewed (i) the schemes of disaster risk management and collaborative data operation in DRM; (ii) geospatial information technology in terms of its applications to the schemes reviewed; and (iii) the ongoing practices of collaborative data delivery for the schemes reviewed. We concluded with future perspectives of collaborative data delivery and the progress of technologies.
Data Delivery Schemes for Disaster Risk Management

Temporal Considerations
Although DRM is featured more in post-disaster situations, pre-disaster activities are important for reducing the impacts of disasters [8] . The US Government created a scheme for DRM, Comprehensive Emergency Management (CEM) [9] , which suggests that governors coordinate pre-and post-disaster mitigation, preparedness, response, and recovery. This scheme is often referred to in DRM literature and suggested actions include the following:
• Mitigation-Long-term activities that actually eliminate or reduce disaster risks.
• Preparedness-Necessary actions for developing emergency response plans such that governments, organizations, and individuals can reduce disaster damage.
• Response-Post-disaster actions to provide emergency assistance and reduce secondary damages.
• Recovery-Activities that follow Response and continue until all systems return to normal (or better), including short-term activities for recovering vital life-support systems and long-term activities conducted for several years after a disaster.
In addition, Risk Assessment should be conducted first to identify risks and determine if the risks are acceptable or unavoidable [8] . For example, although the risk of traffic accidents is quite high, it is accepted by people because of the benefits of driving or because people have no other choice. In addition, some poor people cannot live in safe areas because of financial problems. Thus, whether such a risk is accepted or unavoidable should be managed with a good balance between risk and benefit [10] . Donahue [11] analyzed the budgeting framework of disaster risk management at the national, state and local levels in terms of functional competency, behavioral incentives, and policy in emergency management. The result suggested that current budgeting systems would likely promote response and recovery rather than mitigation and preparedness; however, the total cost of response and recovery for a disaster would be higher than of the cost of continuous mitigation and preparedness activities.
Reference Model
The Committee on Earth Observation Satellites (CEOS) developed a reference model for using satellites, sensors, models, and associated data products to support DRM within the Global Earth Observation System of Systems (GEOSS) [12] . The CEOS applied the ISO/IEC Reference Model of Open Distributed Processing (RM-ODP) to structure descriptions of DRM operations. RM-ODP is helpful for structuring the descriptions of an enterprise according to the following five viewpoints: the enterprise viewpoint, which describes the purpose, scope, and policy; the information viewpoint, which handles the semantics of information and information processing; the computation viewpoint, which describes the functional decomposition of the system and models the interaction of objects at interfaces; the engineering viewpoint, which describes the mechanism and functions required for distributed interactions between objects; and the technology viewpoint, which indicates technology choices for the system.
In the enterprise viewpoint, the CEOS describes the business processes of data delivery for DRM using the following series of phases: disaster warning, disaster response, disaster recovery, and disaster mitigation. Furthermore, the CEOS simplified business processes into three activities (initiation, event detection and response, and recovery and mitigation), and classified stakeholders as initiators, actuators, processors, and coordinators. For the information viewpoint, the CEOS clarified the needs of metadata, which helped identify the data necessary for urgent decision making and the satellite data processing operations needed by the end users. For the computation viewpoint, the data system should consider services for end users, such as catalog services, visualization, data access and ordering.
The CEOS concluded with perspectives for the engineering and technology viewpoints and highlighted the considerations of catalog service, data access, and interoperability among services and platforms. The developed reference model could serve as a guideline for delivering earth observation data in emergencies and is applicable to geospatial data products.
Geospatial Information Technology for Disaster Risk Management
Analysis Scheme of the Reviews
We reviewed the following geospatial information technologies in terms of their application to DRM for each of the phases mentioned above: earth observation, ground networks, crowdsourcing as a monitoring measure, and WebGIS and mobile phones as the end user interface. Combinations of technology are an important issue in the development of practical applications for DRM. In the following sections, we review geospatial information technologies and relevant practices in terms of their applicability at each phase of DRM.
Earth Observation
Earth observations (EO) have served as an important information resource in DRM and has been applied to earthquakes [13] [14] [15] , tsunami arrival predictions [16] , volcanic hazards [17, 18] , floods [19] [20] [21] [22] [23] , landslides [24, 25] , forest fires [26] , and drought monitoring and prediction [27] [28] [29] [30] [31] . Earth observations can help to simultaneously capture the land condition of a broad area and are less expensive than field surveys. Although this feature is useful for any phase of DRM, it is especially useful for planning purposes. Although satellite remote sensing can be used to observe physical characteristics of the land surface, several studies have developed socioeconomic datasets relevant to vulnerability assessment, such as urban expansion [32, 33] , population [34] , and gross domestic product (GDP) [35, 36] , by using a combination of satellite-based data and socioeconomic statistics.
Due to the risk assessment phases are less urgent, data providers and users can carefully prepare and choose sources and products in terms of scientific quality. Various EO-based data products of natural hazards are publicly available on the Internet. As suggested by the CEOS's reference model, catalog service for better data access and interoperability supports the choice of data. For example, the GEOSS Portal [37] and the Data Integration and Analysis System [38] provide user interfaces for searching datasets from the metadata provided by the data provider. Since risk assessment requires data on hazards and on the vulnerability to the hazard (e.g., exposed population, number of elderly people and children) [39] [40] [41] , the data should be provided in a format that is interoperable with other data, such as the commonly used GIS formats.
In the mitigation phases, EO-based data are used for mitigation planning, such as land use zoning, based on the risk assessment results [40] . For example, for climate change mitigation and adaptation, which involve a large-scale policy implementation, EO data are used for long-term monitoring and for modeling the interactions between climate and human activity according to historical archives [42] [43] [44] . Therefore, such data support the efficiency of the plan-do-check cycle during the implementation of mitigation policies. For the preparedness phases, establishing an early warning system is the most recognized application of EO. Applications for early flood and drought warnings were proposed [20, 21, [27] [28] [29] and have been introduced as pilot operations [45] .
For the response phases, two noteworthy features of EO are its high observation frequency and its rapidness of observations. Since the repeat intervals of most satellites are daily to monthly [46] , it is feasible to acquire pre-and post-disaster satellite images that are helpful for quickly identifying damages. In addition, the Terra/ASTER [47] , ALOS [48] , ALOS-2 [49] , and Sentinel-1 [50] satellites can respond to urgent requests for observations from emergency response teams. Moreover, although observation frequency could be a trade-off to spatial resolution, constellation satellites, such as RapidEye [51] , COSMO-SkyMed [52] , Pléiades system [53], and Sentinel system [50] , breaks through the trade-off by using temporally-shifted satellites with identical specifications in the coplanar orbits [54] . Since changes in detection between pre-and post-disaster are the most effective and efficient methods for identifying hazard damages from satellite imagery [55, 56] , there is a potential need for baseline satellite images that cover disaster-prone areas, which can enable better preparedness.
For the risk assessment phase of DRM, data from ground-based observation networks have the advantage of continuity but are spatially dispersed, in contrast with EO satellites. Therefore, ground-based observation networks complement EO satellites in observation frequency, as shown in seismic monitoring applications [14, 15] . For preparedness phases, ground-based observation networks can be applied to early warning systems, as shown in the example of tsunami warning. The networks should involve the installation of technology and administrative arrangements and feasibility tests through evacuation drills that represent emergencies.
In the response phases, ground networks are used to monitor secondary hazards following primary hazards, such as tsunamis following large earthquakes [72] . Ground networks can be damaged by hazards. Therefore, it is safer to include the collaborative use of EO in the response plan.
Crowdsourcing
Due to the fact that user-driven content on the Internet has become popular, interactions between service providers and end users have occurred in the field of geospatial information technology. Crowdsourcing is an emerging method for collecting data and information from non-experts over the Internet. Although the scientific quality of crowdsourced data remains under discussion [76, 77] , crowdsourced data are helpful for efficient communication between people and public authorities. The applications of Ushahidi [78] and Sahana [79] , which are open source software platforms for crowdsourcing GIS, were highlighted in response to the 2010 Haiti Earthquake and the 2011 Great East Japan Earthquake [80, 81] .
OpenStreetMap (OSM) is an outstanding volunteer-based activity of geospatial data development that uses GPS tracking and digitizing of high-resolution satellite/aerial imageries to create freely available global geographic data. OSM is considered a geospatial data platform because of its high performance in handling a large amount of geospatial data [82] . OSM provides a crowdsourcing platform for developing geospatial data by volunteers. Because the data are free for any purpose through the Open Database License (ODbL) [83] , end users can use OSM's data without any payment or limitations. In addition, the Humanitarian OpenStreetMap Team (as discussed below) initiates mapping campaigns in emergencies if map data are not available in the disaster-afflicted areas.
Mobile phones are also useful for data collection in DRM. For example, people can send out local observations to public authorities, such as the observed damages from a hazard. FrontlineSMS is a comprehensive SMS management suite that collects posts from people, disseminates information to people, and has been applied to DRM and other social benefits [84, 85] . Although FrontlineSMS originally did not have GIS support, Ushahidi provided georeferencing functions for SMS in combination with FrontlineSMS [86] . As smartphones further penetrated the market [87] , the applications of mobile phones were extended to the use of multimedia, such as photos and videos and geotagging functions, by embedding GPS.
GPS-enabled smartphones and every SMS-enabled mobile phone can be georeferenced using Open GeoSMS by using the protocol standardized by the Open Geospatial Consortium [88] . Open GeoSMS is a protocol that is used to embed georeferenced information in SMS so that GIS software automatically recognizes SMS as georeferenced information. Georeferenced messages include messages such as "I'm at the Univ. Tokyo geo: 35.66, 139.67; u = 100", indicates a location at a latitude of 35.66 and longitude of 139.67 with an uncertainty of 100 meters. Since Ushahidi and Sahana are compatible with GeoSMS, the software will help efficiently organize information posted from peoples' mobile phones.
Crowdsourcing has the advantage in understanding the needs based on the "people's voice", especially when using SMS [89] . Applying crowdsourcing could be helpful in the response and recovery phase, where governments should understand why people are suffering. Thus, SMS-based crowdsourcing can contribute to bridging the digital divide between Internet users and non-Internet users. In addition, based on the Internet, crowdsourcing platforms provide remote assistance opportunities worldwide. For example, anyone around the world can contribute to the development of geospatial data through OSM, which can contribute to better preparedness in disaster-prone areas [90, 91] .
People Mobility
Population data is a basic necessity to assess human exposure analysis to hazards. While population data is organized by administrative unit or census district, spatially more detailed data is needed for better planning of disaster risk management [41, 92, 93] . For the needs, grid-based global population data, such as Gridded Population of the World [94] , Landcan [95] , and WorldPop [96] , was developed by using existing census data and ancillary geospatial data, such as land cover maps, road network data, terrain data, and night-time light satellite images.
In addition to spatially-detailed population mapping, temporal variety of population distribution, or people mobility, has been regarded important for disaster risk management [97] . Several studies presented frameworks and practices of spatio-temporal population mapping by measuring people's movement between daytime and nighttime [34, 97] and spatio-temporal patterns of commutes between home and work [98, 99] . The frameworks are extensible to other data for better accuracy and broader regions.
Location data acquired from mobile positioning devices have a notable potential to improve spatio-temporal population mapping. For example, GPS devices have become affordable to more people, particularly because they are embedded in mobile phones. In some countries, every cell phone handset is required to function with location notifications for security purposes, such as E911 in the US. Therefore, it is possible to use countywide individual GPS logs to model mobility in disaster situations. For example, GPS logs can be used to model the behavior of people following large-scale disasters, such as the 2011 East Japan Great Earthquake [100] .
Even without GPS, the use of Call Detail Records (CDRs), which are records of mobile phone activity (calling, SMS, and data communications), can be used to monitor behavior. Every CDR can be linked to the location of the cell tower that the activity used for communication. Since mobile phone operators store CDR for billing purposes, the data are a valuable information source for mobility. CDR-based mobility data can help develop an epidemiological model of communicable diseases [101] , disaster management during floods [102] , and behavior models of evacuation [103] , which can help in preparedness, response, and recovery operations. Some operational pilots have been demonstrated in past disasters [104, 105] .
Due to location information being sensitive to privacy issues [106] [107] [108] , data providers and users must handle mobility data carefully by using practices such as the anonymization of individual profiles. Some anonymization techniques were proposed with respect to handling spatial data [109] .
Mobility data indicate the dynamics of the population on a detailed time scale; for example, the difference between day and night. Therefore, the data could serve as a valuable information source for disaster risk assessment in which the number of casualties should be estimated for a hazard. Furthermore, the data could be applied to behavior following hazards [100] to better plan mitigation and preparedness based on the behavior modeled by the mobility data.
WebGIS
The GIS helps decision-makers handle data and information with multiple criteria in DRM [110] . In past decades, technologies has been extended to the Internet or WebGIS such that non-GIS users can browse geospatial data from a data provider through user-friendly map interfaces on their computers or smartphones, even without intensive GIS training. WebGIS has played an important role in DRM for sharing the information and data required for decision-making among multiple agencies [111] . To improve the interoperability of geospatial data among agencies, standards for Internet-based geospatial data protocols have been developed by the Open Geospatial Consortium (OGC). These standards include the Web Map Service (WMS) [112] and the Web Feature Service (WFS) [113] , which have promoted the interoperability of geospatial data and information because most major GIS software packages are compatible with these standards [114] . Based on the established standards, several data providers have published their data in the Internet-based format [115] [116] [117] , which has enabled service developers to easily introduce their data into WebGIS. This style of service development combining various data sources is often called a "mashup" [118] . SEDAC Hazards Mapper [119] and DisasterAWARE [120] are practical applications for disaster response decision-making when combined with near-real time data from hazards and background socio-economic data.
WebGIS works as a communication tool among experts and non-experts [121] and helps non-experts understand the geospatial context in areas of their interests. These functions of WebGIS can be applied to understand risks to allow communities to better prepare and respond to them [122, 123] . Workshops of scenario-based risk communication with the local community are effective for enhancing the local capacity for handling DRM information platforms [124] .
Due to its role as an end user interface of geospatial information, WebGIS is useful for every phase of DRM. However, WebGIS only works if it is connected to the Internet. In the response phase, WebGIS could be useless if the communications infrastructure is damaged. In such cases, the "offline mode" of WebGIS is needed to maintain Internet-based data on local computers. With such an "offline mode", mobile devices such as laptop computers, tablets, and smartphones would be a good medium for delivering Internet-based geospatial data to the field when disconnected from the Internet.
Mobile Phones
As mobile phones have become more affordable [125] , they could be used to deliver information, such as early warnings, to people with little access to critical information. However, information delivery should be selective by location; otherwise, people far from afflicted areas could be confused by early warnings for the areas that are at risk. To improve trust in these early warnings and the quickness of decisions following alerts, several attempts have been made to disseminate location-based alerts via mobile phones [90] .
Mobile phone SMS allows for the efficient dissemination of information, such as early alerts, by using alphabetical texts, which could be a barrier for non-alphabet languages. InSTEDD provides some SMS-based technologies in local languages based on easy-to-develop voice navigation systems and predefined reporting codes in SMS [126, 127] .
In addition to WebGIS, mobile phones are end user interfaces of DRM information and will work well for DRM in every phase. Unlike WebGIS, the form of data and information is limited to voices and texts, particularly for basic phones. In addition, the communications infrastructure could be damaged by hazards [74] . One advantage of mobile phones is their connectibility to people because nearly all adults have mobile phones with them at all times. Therefore, mobile phones provide a channel for delivering minimum but critical information. Thus, the most important application is the establishment of early warning systems in the preparedness phases.
Practices of Collaborative Data Delivery for Disaster Risk Management
In this section, we review the on-going practices of geospatial data delivery for DRM. We analyze the practices in term of the functions for each phase of DRM suggested in the sections above. Table 1 shows a list of geospatial data delivery activities, which are reviewed below. In this review, we focused on the activities that contributed to the delivery of geospatial information for DRM as technology providers. However, there are several international groups and initiatives working for DRM, including UNISDR [128] , UNOOSA/UN-SPIDER [129] , the AHA Centre [130] , the Asian Disaster Preparedness Center [131] , and the Asian Disaster Reduction Center [132] , who would rather contribute to high-level coordination and knowledge management. ▪ Development of early warning system.
▪ Capacity building of local communities.
▪ Capacity building on the Sentinel Asia System.
▪ Providing EO data from the Data Provider Node.
▪ Provided EO data are analyzed using the Data Analysis
Node members for value-added products.
▪ Raw EO data for authorized users.
▪ PDF, PNG, or JPEG maps are available on the website.
▪ Public WebGIS for browsing EO data and maps.
International Charter Earth observation
Providing EO data from member space agencies.
▪ Public WebGIS to browsing EO data.
UNITAR/UNOSAT
Earth observation
Capacity building with lectures and exercises of concepts and GIS methodologies for performing satellite based analysis for emergency response.
▪ Support to UN and other activities for disaster response.
▪ Support to post-disaster needs assessment.
GIS vector format (ESRI Shapefile and File GeoDatabase)
and PDF map are publicly available on the website. Crowd sourcing Pilots on visual interpretation of satellite images for damage assessment [133] .
▪ Collecting geo-tagged photos by smart phones [134] .
▪ Organizing situational information by photo tagging.
Copernicus EMS
Earth observation
On-demand production of satellite-based maps and GIS data. The data and maps are delivered to end users within nine hours to five days for emergency use and 20 days for non-emergency use.
GIS vector format (ESRI Shapefile and Google Earth KMZ), PDF, and JPEG maps are available on the website.
Ground-based observation
Early warning (only for Europe). Archived information is browsable on the website.
USGS Emergency Response
Earth observation ▪ Acquisition of EO data.
▪ Managing EO data acquisition requests.
▪ Raw EO data for public or for authorized users.
▪ WebGIS for browsing EO data.
▪ Web-based protocol (WMS and REST).
Humanitarian OpenStreet Map
Crowd sourcing Development of mapping communities for preparing baseline data and DRM planning.
▪ Activation of volunteers
▪ Collection and management of data sources.
▪ Task management.
▪ Mapping damaged buildings and infrastructures for damage assessment.
GIS vector data and rendered map images are publicly available from OSM and third parties on the Internet. Data are available at the website or by contacting data authors.
Global Disaster Alert and Coordination
System
Earth observation ▪ Providing early alerts of major disasters.
▪ Operation of the Global Flood
Detection System. Impact estimation and assessment after major disasters.
▪ Disaster alerts on maps at the website.
▪ Disaster event feeds in RSS, KML, and CAP
▪ Compilation of geospatial data by event.
Ground-based observation Crowd sourcing Field information collection by social media.
Sentinel Asia
The Sentinel Asia initiative is a collaboration between space agencies and disaster management agencies in which remote sensing and WebGIS technologies are applied to support disaster management activities in the Asia-Pacific region [4, 135] . Sentinel Asia conducts emergency observations by using EO satellites for major disasters. Currently, the participating satellites include ALOS-2 (Japan Aerospace Exploration Agency, Japan), IRS (Indian Space Research Organization, India), THEOS (Geo-Informatics and Space Technology Development Agency, Thailand), KOMPSAT-1 (Korea Aerospace Research Institute, South Korea), FORMOSAT (National Applied Research Laboratories, Taiwan), and XSAT (Centre for Remote Imaging, Sensing and Processing, Singapore), which are referred to as the Data Provider Node (DPN). In contrast, the Data Analysis Node (DAN) is used for data analysis and includes DRM agencies, research institutes, universities, and international organizations. The DAN analyzes the satellite data provided by DPN to make a value-added product and to disseminate the product through the Sentinel Asia System within the domestic legislation. To create value-added products, data should include various DPN satellite data with the local GIS dataset and field reports from local collaborators. The products are organized in map form and are publicly available on the website.
Information integration for both scientific and socio-economic data is important for making value-added products. The validation of map products requires ground verification as soon as possible before product dissemination. In addition to providing data products, Sentinel Asia supports the development of the local capacity to analyze satellite data to tackle disaster response. In addition, Sentinel Asia intends to support and expand the regional DRM capacity because most developing countries do not have their own satellites and necessary facilities, such as satellite data receiving stations and early warning systems.
Sentinel Asia primarily focuses on the response phases and has gradually expanded its activity to cover the entire DRM cycle of pre-disaster monitoring, preparedness, and recovery, which is necessary for DRM agencies and local communities to reduce disaster risk in the region. Sentinel Asia also conducts specific case studies with regional partnerships that include end users.
International Charter on Space and Major Disasters
The International Charter on Space and Major Disasters, called the International Charter, is a worldwide collaboration among space agencies [3, 136] Sentinel Asia collaborates with the International Charter, which regionally enhance it because it allows any country in the region to join the Sentinel Asia network and request disaster-relevant information, regardless of their membership in the International Charter or their level of investment in space-related infrastructure.
UNITAR Operational Satellite Applications Programme (UNOSAT)
UNOSAT is a program by UNITAR that delivers geospatial data and information to relief and development organizations both inside and outside of the UN system to make a difference in critical areas [137] . UNOSAT develops solutions based on the needs of the beneficiaries at the end of the process and has partnerships with international organizations and private sectors of geospatial information providers, such as the Asian Disaster Preparedness Center (ADPC), Digital Globe, e-GEOS, Environmental Systems Research Institute (ESRI), ESA, European Space Imaging (ESI), Global Facility for Disaster Reduction and Recovery (GFDRR), Google, the International Charter, ITC, Kongsberg Satellite Services (KSAT), MFB-GeoConsulting, Spot Image, Trimble, and WMO. For disasters and other crises, UNOSAT develops geospatial data products, such as damage assessments and the locations of refugee camps, from EO data using collaborative mechanisms, such as crowdsourcing [133, 134] , and publishes the data in map and GIS data formats on their website.
UNOSAT is not only dedicated to technology research and development but also to the development of the local capacity of pre-disaster activities. In addition, UNOSAT helps communities retain this capacity by integrating training modules and programs, which typically include GIS, satellite remote sensing, and smart phone applications [134] . UNOSAT's capacity development includes practical training on geospatial information technology within various application domains, including DRM, water management, and territorial planning. UNOSAT provides programs for a wide range of one-day workshops and long-term capacity development programs, including workshops and information sharing, in-country capacity building programs, and basic, advanced, and master level courses.
Similar to Sentinel Asia and the International Charter, UNOSAT provides DRM-relevant data when disasters occur. Since their data deliveries are conducted soon after the occurrence of disasters, their data products contribute to disaster response. Furthermore, because UNOSAT closely collaborates with UN organizations in the field, such as the UN Office for the Coordination of Humanitarian Affairs (UNOCHA), they can see the immediate needs from the field.
In addition to the development and delivery of geospatial information data products, UNOSAT contributes to the better mitigation and preparedness of DRM by providing geospatial information technologies training to local governments and communities. Their training programs aim for better resilience through risk assessment, mitigation, and preparedness by local governments and communities in DRM [138, 139] .
Copernicus Emergency Management Service
Copernicus is a program that has been conducted by the ESA since 1998 and was originally initiated as GEMS (Global Monitoring for Environment and Security). Copernicus creates geospatial data for DRM pre-and post-disaster phases by using EO [140] . Although the EU member states are primarily authorized to request the service, public entities, international organizations, national organizations, and non-governmental organizations can coordinate with the EU member states to request the service. In addition, the dataset created by the service is publicly available on the web site in maps and GIS data formats. The created maps are archived and searchable by hazard event using the WebGIS on the website. The data are delivered to the end users within nine hours to five days for emergency uses, such as response and recovery and within 20 days for non-emergency uses, such as risk assessment, mitigation, and preparedness.
The service classifies the following product types: reference maps, which provide information of pre-disaster situations for territories, assets and other ground features; delineation maps, which provide information regarding the extent of areas with hazard impacts; grading maps, which provide information regarding asset and infrastructure damage caused by the hazard; pre-disaster situation maps, which indicate possible hazard exposure, vulnerability, and other risk information; and post-disaster situation maps, which indicate post-disaster needs assessment, recovery status and plans. Since the service is under operation by ESA, it primarily uses the data provided by ESA's observation instruments, such as the Sentinel missions [141] , and EU-based instruments, such as COSMO-Skymed [142] , for the thematic map products. In addition, the service uses data provided by space agencies and international initiatives.
Furthermore, the service provides early warnings for floods based on historic and real-time water discharge and level data across Europe [143] . The flood forecasts and warnings are disseminated through its partners in Europe and the WebGIS on the website.
USGS Emergency Response
The US Geological Survey operates a platform, the Emergency Response, for acquisition of EO data [144] . Users can browse and use the archived USGS EO data for DRM purposes through a WebGIS-based interface, the Hazards Data Distribution System (HDDS). Publicly available satellite data and data with limited access, such as commercial-based satellite data, are browsable on the WebGIS interface. The HDDS provides a dataset with multiband GeoTiffs, which are good for remote sensing analysis, and composite images via WMS and Representational State Transfer (REST) for some dataset. The HDDS provides pre-and post-disaster satellite data according to disaster event.
In addition, the platform can be used to request satellite data acquisition from its users through the WebGIS-based interface, the Collection Management Tool, which is integrated with HDDS for better data management efficiency on the platform.
Humanitarian OpenStreetMap Team (HOT)
HOT is a volunteer-based group that applies the principles of open source and open data sharing to humanitarian response and economic development [145] . Although their activities are based on OSM (as the name indicates), they are independent of OSM but closely collaborates with OSM. HOT activates OSM mappers for crisis response or "crisis mapping", not only for natural disasters but also for armed conflicts. They efficiently facilitate efforts among volunteers by providing a tasking function; the OSM Tasking Manager [5] . In addition, they conduct learning programs, such as the development of learning materials, meetings, and conferences, to involve international volunteers and local communities for mapping activities to achieve better quality geospatial data.
Their activities were proved in response to the Haiti Earthquake in 2010. Between 2009 and June 2015, their OSM mapping has been initiated for 39 events [146] . Their initiation of mapping to disaster response contributes to the geographic information of afflicted areas, even during the very early stage of disaster response; thus, their output maps are used in emergencies for more effective disaster response [5, 147] .
As indicated above, crowdsourcing can contribute to better DRM preparedness. HOT has a partnership with the World Bank to bring the advantages of open, community mapping projects to the challenges of building resilience to natural disasters and the impacts of climate change in Haiti, Indonesia, the Philippines, and Malawi [148] . In addition, HOT conducts a program in Indonesia for better preparedness [149] .
SERVIR
SERVIR is a joint initiative of the National Aeronautics and Space Administration (NASA) and the United States Agency for International Development (USAID) for better utilization of earth observation technology in developmental decision making [150] . SERVIR has conducted projects in over 30 countries with themes of adaptation, agriculture, climate, disaster, biodiversity, health, sustainable landscapes, water, and weather. In addition, they conduct projects through close collaborations with regional agencies, such as the Regional Centre for Mapping of Resources for Development (RCMRD), an intergovernmental organization that aims to promote the generation, application and dissemination of geospatial information for development issues in the Eastern and Southern Africa Regions.
As this initiative focuses more on application development, such as hydrology modeling and forest fire detection using EO data resources, it does not provide many EO data resources. However, although it provides fewer satellite resources than other activities, it does provide images taken from the International Space Station (ISS) with a camera, the ISS SERVIR Environmental Research and Visualization System (ISERV) [151, 152] . ISERV takes images for disaster response and recovery requests, many of which are available to the International Charter.
Famine Early Warning Systems Network (FEWS NET)
The FEWS NET is an organization established by USAID in 1985 that provides evidence-based analysis of food security to help decision-makers and relief agencies in Central America, the Caribbean, Central Asia, East Africa, Southern Africa, and West Africa [153] . The FEWS NET monitors agricultural markets, agroclimatology, livelihoods, and nutrition through collaborations with science agencies, governments, international organizations, and NGOs and provides regular reports to stakeholders. Integrated Food Security Phase Classification, which is a widely accepted standard for describing food security status, is applied for the early warning of food crises forecasted by the analysis.
Earth observation and ground-based observation are applied to their analysis, especially for monitoring agroclimatology conditions such as rainfall, soil moisture, vegetation conditions, and evapotranspiration. The developed dataset has been kept operationally up-to-date and freely available at the Data Portal website [30] . In addition, the dataset serves as a basis for scientific research regarding the agricultural issue of food security [154, 155] .
Pacific Disaster Center (PDC)
Pacific Disaster Center (PDC) is an organization that provides science and technology for DRM. The PDC was established after Hurricane Iniki, which struck Hawaii and devastated the island of Kauai in 1992 [156, 157] , and is currently managed by the University of Hawaii. The PDC provides decision support applications with user-friendly interfaces on web browsers and smart phones by using geospatial information of hazards and vulnerability provided from other DRM agencies. DisasterAWARE is a platform solution that can be used to organize real-time information from various agencies around the world on a map-based interface with background socioeconomic information, historical hazard records, and end user's data. Emergency Operations (EMOPS) supports sharing situational information posted by authorized users among stakeholders in emergencies and can be used to map news, traffic cameras, and social media.
In addition, the PDC conducts support for introducing technologies with capacity development programs, which are applicable to every phase of DRM. For example, custom versions of DisasterAWARE have been deployed to national and international agencies with exercise support and training.
GEO Geohazards Supersites and Natural Laboratories (GSNL)
GEO Geohazards Supersites and Natural Laboratories (GSNL) is an initiative of the geohazard scientific community that is supported by the Group on Earth Observations, the intergovernmental partnership creating a Global Earth Observation System of Systems (GEOSS) that will link earth observation resources world-wide across social benefits [158] . This initiative was established to promote international efforts to monitor and study selected cites with open access to relevant datasets [159] . In addition, this initiative was setup at additional supersites where large-scale geohazard events, such as the 2015 Nepal earthquake, have occurred.
Since the initiative's main targets are earthquakes and volcanoes, the provided datasets, such as the outputs of InSAR, the analysis output of continuous GNSS records, and their input data, are mainly for monitoring seismic activities. As the initiative is for scientific purposes, the distribution of the dataset is not completely free and the process is not standardized among the selected sites. However, the data archives are intensive; thus, the data archive would be useful for pre-disaster activities with a certain expertise in handling such scientific data products.
Global Disaster Alert and Coordination System (GDACS)
The Global Disaster Alert and Coordination System (GDACS) is a cooperation framework between the United Nations, the European Commission and disaster managers from around the world and is aimed at improving alerts, information exchange and coordination during the first phase of disasters [160] . The GDACS publicly provides early alerts for disasters by sourcing operational satellite monitoring and ground-based observations. The early alerts are retrievable as maps on the website, and in computer-readable structured formats (RSS and KML), which enables third parties to easily use the data for their own applications. Smart phone applications are also available from the website and provide impact estimations and assessments after major disasters for response and recovery phases.
The GDACS experimentally operates the Global Flood Detection System with the Dartmouth Flood Observatory for the development of early warning systems for hydrological hazards [161] and applications of social media for collecting situational information for affected areas in disaster response [162] .
Discussion and Conclusions
We reviewed the geospatial technologies for DRM and discussed their applications. The technologies and applications were developed using the advantages of other complementing technologies for appropriate DRM phases. Interoperability among data sources is an important technical issue when applying geospatial data to DRM, as suggested by the CEOS's reference model. The GEOSS Portal and OGC standards have the important responsibility of promoting the interoperability of geospatial data developed worldwide.
By reviewing the ground-based observation network, it was suggested that communication technology must be considered more in the delivery of geospatial information for DRM, especially in the response phase. The current geospatial technology primarily depends on the Internet and mobile phone networks; however, such systems could be useless if the communications infrastructure is damaged by hazards. Communications satellites and movable communication units are important technologies for establishing resilient systems for DRM. Such communications systems should be included when designing DRM information systems.
In addition, we also reviewed ongoing international activities for DRM. Overall, the activities cover the entire DRM phase from the creation of data and information to the utilization of data and information by the end users and local communities. Therefore, one issue should be how to connect the activities for more efficient operations. Human resources and networks play important roles in connecting activities because the some activities include capacity building programs in disaster-prone areas. In addition, publication of data and information on the Internet will help connect activities so that anyone, even out of the network, can utilize such data and information.
As we reviewed, most of the data providers published their data products on their website in GIS data format. This format will help DRM agencies handle the data for further analysis and the creation of maps using the data on their needs. However, such use of GIS data still requires the efforts of experienced GIS experts which are sometimes not well allocated, especially in emergency response phases. Ready-to-use map formats can help end users access GIS data by allowing them to print out for planning purposes. However, maps should remain browsable at any extent, scale, and time that the end users of the site need.
Although the WebGIS developed by the international efforts that we reviewed satisfies such a need, end users must jump to another WebGIS to browse the GIS data, which are published in a different WebGIS. To reduce such an inefficiency, DisasterAWARE has a notable feature for integrating user-defined datasets in the WebGIS. Data providers are encouraged to publish more GIS data in interoperable formats, such as WMS and WFS, as demonstrated by the USGS Emergency Response. This process not only involves technology development but also the arrangement of intellectual properties of the published GIS data. The ODbL is a solution for breaking through the issues, as OSM and third party applications using OSM have demonstrated.
As applications of mobile phones and smart phones are technologically established, more pilots and operations of applications are emerging among international organizations and initiatives. These applications have supported community-based capacity building, which has been demonstrated by UNOSAT and HOT; however, a few pilots and operations remain in the response phases. Furthermore, difficulties remain in applications for disaster emergencies where some basic infrastructure is malfunctioning. Case studies regarding how the technology can support operations during emergencies would help identify possible applications and key technologies that could require more research and development.
A few issues were not considered in this paper. First, administrative issues were not considered. The Hyogo Framework for Action (HFA) suggests that resilience should be strengthened at all level [163] , including the national and local authority level. In addition, the post-2015 HFA stated the importance of the role of international cooperation in supporting the efforts of national and local authorities, communities, and businesses [164] . The envisaged framework involves vertical relationships and processes in the national domain and horizontal corporations that are linked through international initiatives [165] . Hence, the envisaged framework should be organized in two dimensions, multi-level and multi-organizational. Therefore, geospatial data delivery schemes should be more comprehensive and indicative of the roles of the national government, local government, local community, and international organizations.
The second issue is the contribution of products at the local level. Although the international initiatives expend significant effort to produce data and maps for DRM, our review did not consider the end users of the data products or how the data were used. Detailed case studies of how these data products were used will be necessary to improve the mechanisms and more effectively deliver data products to people in the field.
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